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produce grooves with different width and separation, resulting in square-shaped pillar patterns. We
investigate the dependence of the morphology on the surface static contact angle for water, showing that
it is in agreement with the Cassie–Baxter model. We demonstrate the fabrication of a superhydrophobic
polymeric surface, presenting a water contact angle of 157◦. The surface structuring method presented
here seems to be an interesting option to control the wetting properties of polymeric surfaces.olymers
uperhydrophobic surfaces
. Introduction
Polymers have been shown to be interesting materials for the
evelopment of several devices [1–7], mainly due to the ﬂexibil-
ty of tailoring their properties to match speciﬁc goals. Numerous
ethods have been explored to structure the surface of polymers,
iming at technological applications. Among them, laser micro-
achining has been receiving a great deal of attention due to its
ersatility and precision for structuring the surface as well as the
ulk ofmaterials [8–12]. For lasermicromachining, in general, laser
ight is focused into the sample while it is translated or the laser-
eam scanned. The light intensity achieved at the focus can lead
o material’s changes or ablation. These changes can be beneﬁ-
ially employed to fabricate devices; for example, modiﬁcation of
he refractive index enables producing waveguides for integrating
hotonic devices [2,13,14].
The development of superhydrophobic surfaces has attracted
onsiderable attention because of their potential applications in
elf-cleaning surfaces, water proof devices, low friction coatings
nd microﬂuidics [15–17]. The wettability of a surface depends on
ts chemical nature aswell as its topology. Therefore, in the last few
ears effort has been made on strategies to roughening the surface
f different materials, aiming at the design of superhydrophobic
urfaces [18–26]; hydrophobic surfaces exhibit contact angle with
ater larger than 90◦, while for superhydrophobic ones it should
e higher than 150◦ [27]. Remarkable results have been achieved
y Baldacchini et al. [21], where femtosecond pulses were used to
roduce microstructured superhydrophobic silicon surfaces. The
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same conceptwas employed in Ref. [28] to fabricate a silicon-based
water repellent surface, which mimics the structure of the Lotus
leaf.
In this paper, we investigate the use of picoseconds laser pulses
to microstructure the surface of polymeric ﬁlms, in order to fabri-
cate samples with controllable hydrophobicity. Using 70ps pulses
at 532nm from a Q-switch/mode-locked Nd:YAG laser, we pro-
duced periodic surface microstructures (square-shaped pillars)
with different features, and examined the dependence of the mor-
phology on the static contact angle for water, which follows the
Cassie–Baxter model. We were able to obtain a water contact angle
of 157◦, which means that the polymer surface turned superhy-
drophobic.
2. Experimental
The commercial poly(1-methoxy-4-(O-disperse Red 1)-2,5-
bis(2-methoxyethyl) benzene) (PODR1) was dissolved in chloro-
form in a concentration of 2wt.%. Samples with thicknesses of
approximately 2m were produced by casting the polymer solu-
tion on a glass substrate. PODR1, whose chemical structure is
shown in Fig. 1, is a good candidate for laser microstructuring
because of its good ﬁlm forming properties and strong absorption
in the visible region [15]. The UV–vis absorption spectrum of the
sample was measured using a Varian Cary 17 spectrophotometer.
PODR1 ﬁlms were micromachined using 70-ps, 532-nm pulses
from a Q-switched and mode-locked Nd:YAG laser, operating at
Open access under the Elsevier OA license.a repetition rate of 850Hz. Single pulses were extracted from the
Q-switch pulse train employing a Pockels-cell-based pulse picker.
Pulses with energies ranging from 17nJ up to 65nJ were focused,
through 0.65-NA microscope objective, onto the sample surface,
which was translated at a constant speed of 1mm/s with respect
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1ig. 1. UV–vis absorption spectrum of a cast ﬁlm of PODR1. The inset shows the
hemical structure of PODR1.
o the laser beam. The micromachined samples were analyzed by
ptical microscopy and atomic force microscopy.
To increase the sample’s natural hydrophobicity, following the
icromachining, samples were treated with (heptadecaﬂuoro-
,1,2,2-tetrahydrodecyl)trichlorosilane for 24h in a low-pressure
hamber [21,23]. Such treatment allows one to study changes in
ydrophobicity only due to the surface pattern produced. The same
reatment was carried out with the not microstructured samples
ﬂat samples).
The surface’s wettability was determined by measuring the
tatic contact angle of a water droplet using a goniometer coupled
o a horizontal microscope. We used 3L droplets for all exper-
ments. The measurements were realized at room temperature
22 ◦C) with the relative air humidity varying from 40 to 50%.
. Results and discussions
The UV–vis absorption spectrum of a PODR1 ﬁlm is displayed in
ig. 1. The band located at 485nm corresponds to the →* elec-
ronic transition of the azochromophore. As canbe seen, the sample
resents high absorbance at 532nm, the wavelength employed for
he micromachining.
Wedetermined the threshold energy atwhich damage occurs as
result of focusing theNd:YAG laser beam into the sample. Byusing
CCD camera we monitor the sample transmission in real time as
he sample was micromachined. The transmission of visible light
hrough the micromachined lines increases with pulse energy. The
hreshold energy for inducing visible modiﬁcation in the PODR1
amplewasmeasured to be 0.8nJ, for a translation speedof 1mm/s.
or pulse energy of 3.5nJ, micromachining results in ablation of the
lm, which was veriﬁed by the high contrast observed in the light
ransmission.
Using lasermicromachiningwewere able to fabricatepolymeric
urfaces presenting square-shaped-pillars morphologies with dis-
inct periodicities, from =5.0m to =500m. In Fig. 2 we
how optical microscopy images of microstructured PODR1 ﬁlms
urfaces with periodicities of 10m (a), 15m (b) and 150m (c).
The depth of micromachined grooves produced by ablation was
etermined by atomic force microscopy of the samples. In Fig. 3(a)
e show a representative atomic force microscopy image of a
ODR1 ﬁlm microstructured with a period of 5m. As can be seen
n the cross-section analysis along a line of the microstructured
egion (sample depth proﬁle), the depth of the pattern is of approx-
mately 2m. For pulse energies from 17nJ to 65nJ and speed of
mm/s, which correspond to the range of parameters used in thisFig. 2. Optical microscopy of PODR1ﬁlms on glass substrate microstructured with
various periods: 10m (a), 15m (b) and 150m (c).
work, groove depth are always of about 2m, which is compara-
ble to the sample thickness. From the atomic force micrographs we
determined the surface roughness (arithmetic average – Ra). We
observed an increase in the surface roughness from Ra=100nm, in
the not microstructured surface, to Ra=450nm in the microstruc-
tured sample.
The morphologies of the structured samples are basically
deﬁned by the spacing between two grooves, as well as the groove
width. An important feature to observe in Fig. 2 is thatwewere able
to generate morphologies with different ratios between the pillar
cross-sectional area and the projected area of the microstructure,
which can be interesting for wettability studies.
Once the surface microstructuring was ﬁnished, ﬂuorosilane
was used to lower the surface energy, which allows investigating
changes in hydrophobicity only related to the surface morphology
produced. To evaluate the wetting properties of the microstruc-
tured samples, we measured the contact angle of 3mm×3mm
micromachinedareasof the sample. Fig. 4 (a) and (b) shows, respec-
tively, images of awater droplet onﬂat andmicrostructure surfaces
(=20m), both treated with ﬂuorosilane. The contact angle of
the ﬂat surface is 108◦, while it is (157±3◦) on the microstructured
surface, which corresponds to an increase of 49◦.
To compare the contact angle obtained for samples with dif-
ferent surface morphologies, in Fig. 5 we plot the contact angle
(black circles) as a function of the parameter f, which is deﬁned
as f= SS/SP, where SS is the water/surface contact area and SP the
total projected area both in a unitary cell of the periodic structure.
The contact angle at f=1 (108±3◦) corresponds to the value for the
M.R. Cardoso et al. / Applied Surface Science 257 (2011) 3281–3284 3283
Fig. 3. (a) Atomic force micrograph of the microstructured PODR1 ﬁlm surface. (b)
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in the surface gaps. In such case, there is a three-phase contactross-section analysis of the microstructured region, obtained along the red dotted
ine in (a).
nstructured surface (ﬂat). Suchvalue indicates thatwater doesnot
et this surface, since the contact angle is greater than 90◦. As seen
n Fig. 5, the contact angle of the microstructured surface increases
y 49◦ at f=0.135, which corresponds to a structuring periodicity
f 20m.As f increases the contact angle decreases, approaching
he value of the ﬂat surface as f approaches 1.
We observed a small contact angle hysteresis, meaning that
here is negligible difference between the advancing and receding
ontact angle, an important feature in the engineeringof hydropho-
ic surfaces. For the surface microstructured with a period of 5m,
or example, we observed an advancing contact angle of 157◦ and
receding contact angle of 153◦, which correspond to a hysteresis
f 4◦.
Fig. 4. Pictures of water droplets on ﬂat (a) and microstructuFig. 5. Static contact angle of water () on microstructured surfaces as a function of
theparameter f. Thegray line represents thevaluesobtainedusing theCassie–Baxter
model.
Twomodels have been used to describe the effect of roughening
on the surface hydrophobicity: Cassie–Baxter and Wenzel models.
According to the Wenzel model, the liquid is in contact with every
part of the microstructured surface. In this case, the increase in
the contact angle is due to the increase in the contact area relative
to the ﬂat surface. In the Wenzel model, the contact angle of the
roughened surface, R, is given by
cos R = r cos  (1)
where r is the ratio between the actual and projected contact sur-
face and  is the contact angle measured on the ﬂat surface. Since
r is greater than 1, this model predicts an increase on the contact
angle for non-wetting surfaces ( >90◦) upon surface roughening.
By applying the Wenzel model to the microstructured surfaces
produced, considering the higher value for r (r=1.88) we obtain
R =130◦, that is much smaller than the ones we have experimen-
tally observed. This indicates that the Wenzel model is not able to
describe our experimental data.
In the Cassie–Baxter model [29,30], it is assumed that the liquid
does not entirely wet a roughened surface because air is trapped(solid–liquid–gas), where the liquid interactswith the polymer and
with air. For to this model, large contact angles are observed when
the contact area between the solid and the liquid is diminished.
In the Cassie–Baxter model, the contact angle of the roughened
red (=20m) (b) surfaces treated with ﬂuorosilane.
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urface, R, is given by
os R = f (cos  + 1) − 1 (2)
here f, as deﬁned earlier, is the fraction of the solid in contactwith
he liquid and  is the contact angle determined on the ﬂat surface.
n this case, the smaller the value of f the larger is the increase in
he measured contact angle.
The gray linewith circles in Fig. 5 represents the values obtained
sing the Cassie–Baxtermodelwith the values of f that describe the
urface morphologies we produced by laser microstructuring and
sing  =108◦. As can be seen the experimental data are consistent
ith the Cassie–Baxter model. The small contact area between the
ater droplet and the surface of the pillars result in a small value
or f, which gives rise to a large contact angle, in accordance with
q. (2). In this situation, the water droplet does not wet the surface,
eing able to roll on it.
. Conclusion
We were able to fabricate surfaces with distinct wetting prop-
rties by microstructuring a polymeric material with picoseconds
aser pulses. We demonstrate the fabrication of superhydropho-
ic surfaces with contact angle higher than 150◦. The dependence
f the contact angle on the surface morphology is in agreement
ith theCassie–Baxtermodel, indicating that the aspect ratio of the
tructured surface is such that the entrapped air pockets lead to a
mall contact area between water and polymer and, consequently,
oa larger increase in thecontact angle. Therefore, the surface struc-
uring method presented here seems to be an interesting option to
ontrol the wetting properties of polymeric surfaces. The morphol-
gy of the microstructured areas can be controlled, allowing the
esign of polymeric surfaces with distinct contact angles for water,
ven reaching the superhydrophobic limit.
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